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ABSTRACT

In this paper, we present a data flow based unit testing
approach and its tool support for aspect-oriented software.
Our approach tests two types of units for an aspect-oriented
program, i.e., aspects that are modular units of crosscutting
implementation of the program, and those classes whose be-
haviors may be affected by one or more aspects. We use the
control flow graph as a basis to compute def-use pairs of as-
pects or classes being tested in an aspect-oriented program
and use such information to perform data-flow testing on
the aspects and classes of the program.

1. INTRODUCTION

Aspect-oriented software development (AOSD) is a new tech-
nique to support separation of concerns in software devel-
opment [2, 3, 6, 7]. The techniques of AOSD make it pos-
sible to modularize crosscutting aspects of a system. Like
objects in object-oriented software development, aspects in
AOSD may arise at any stage of the software life cycle, in-
cluding requirements specification, design, implementation,
etc. Some examples of crosscutting aspects are exception
handling, synchronization, performance optimizations, and
resource sharing.

The current research so far in AOSD is focused on problem
analysis, software design, and implementation techniques,
resulting in a potpourri of representations and procedures.
Even though the importance of verification and validation
is known, it has commended little attention in the aspect-
oriented paradigm. Although it has been frequently claimed
that applying an AOSD method will eventually lead to qual-
ity software, aspect-orientation does not provide correctness
by itself. An aspect-oriented design can lead to a better sys-
tem architecture and an aspect-oriented programming lan-
guage enforces a disciplined coding style, but they are by
no means shields against programmer’s mistakes or a lack
of understanding of the specification. As a result, software
testing remains an important task even in AOSD.

Aspect-oriented software differs significantly from procedu-
ral and object-oriented software in terms of analysis, design,
structure, and development techniques. In aspect-oriented
software, the basic unit of organization is the aspect (or
class) construct. An aspect with its encapsulation of state
with associated advice, introduction, and methods (opera-
tions) is a significantly different abstraction in comparison
to the procedure or class unit within procedural or object-
oriented software. The inclusion of join points in an aspect
where piece of code can be advised or introduced to one or
more classes further complicates the static and dynamic rela-
tionships among aspects and classes. These specific features
in aspect-oriented software require special testing support
and also provide opportunities for exploitation by a testing
strategy. However, although many testing approaches have
been proposed for procedural and object-oriented software,
they can not be applied to aspect-oriented software. There-
fore, new testing techniques and tools that are appropriate
for testing aspect-oriented software are strongly needed.

This paper presents a data flow based unit testing approach
and its tool support for aspect-oriented software. While
unit testing is to test each unit (basic component) of the
software to verify that the detailed design for the unit has
been correctly implemented [10], data-flow testing is to test
how values which are associated with variables can effect
the execution of the program [5, 4, 9]. Our approach uses
a combination of these two types of testing to test aspects
and classes in aspect-oriented software.

In aspect-oriented software, the basic testing unit is an as-
pect (or class). An aspect (or class) is designed to work
as independently as possible from its environment. This is
a benefit to unit testing, since it allows the programmer to
write a small testing program to exercise the aspect (or class)
along. However, on the other hand, an aspect may affect the
behavior of one or more classes through advice makes the
interactions between the aspect and affected classes more
complex. Therefore, when a programmer performs unit test-
ing on a class, the programmer should consider not only the
class being tested but also those aspects that may affect the
behavior of the class.

Our unit testing approach tests two types of units for an
aspect-oriented program, i.e., aspects that are modular units
of crosscutting implementation of the program, and those
classes whose behaviors may be affected by one or more
aspects. For each aspect or class, our approach performs



three levels of testing, i.e., intra-module, inter-module, and
intra-aspect/class testing. For an individual module such
as a piece of advice, a piece of introduction, or a method,
or a public module along with other modules it calls in an
aspect or class, we perform intra-module or inter-module
testing. For modules that can be accessed outside the as-
pect or class and can be invoked in any order by users of
the aspect or class, we perform intra-aspect or intra-class
testing. While our three-level testing is similar to that of
object-oriented programs [5], our approach can handle test-
ing problems unique to aspect-oriented software. We use the
control flow graph as a basis for computing def-use pairs of
aspects and classes being tested in an aspect-oriented pro-
gram and use such information to perform data flow testing
on the aspects and classes.

The rest of the paper is organized as follows. Section 2
briefly introduces the basic concept of AspectJ. Section 3
discuss some issues that arises in testing aspects and classes
in aspect-oriented software, and describes the data-flow test-
ing of aspects and classes. Section 4 discusses tool support
for our testing approach. Concluding remarks are given in
Section 5.

2. ASPECTJ

In this paper, we will use Aspect] as our target language
to show the basic idea of unit testing for aspect-oriented
software.

AspectJ [1] is a seamless aspect-oriented extension to Java.
AspectJ adds some new concepts and associated constructs
to Java. These concepts and associated constructs are called
join points, pointcuts, advice, and aspect.

The join point is essential element in the design of any
aspect-oriented programming language since join points are
the common frame of reference that defines the structure of
crosscutting concerns. The join point in AspectJ are well-
defined points in the execution of a program. A pointcut is
a set of joint points that optionally exposes some of the val-
ues in the execution of these joint points. AspectJ defines
several primitive pointcut designators that can identify all
types of join points. Pointcuts in AspectJ can be composed
and new pointcut designators can be defined according to
these combinations.

Advice is a method-like mechanism used to define certain
code that is executed when a pointcut is reached. There
are three types of advice, that is, before, after, and around.
In addition, there are also two special cases of after advice,
after returning and after throwing, corresponding to the two
ways a sub-computation can return through a join point.

Aspects are modular units of crosscutting implementation.
Aspects are defined by aspect declarations, which have a
similar form of class declarations. Aspect declarations may
include pointcut declarations, advice declarations, as well
as other declarations such as method declarations, that are
permitted in class declarations.

An AspectJ program is composed of two parts: (1) non-
aspect code which includes some classes, interfaces, and other
language constructs as in Java, (2) aspect code which in-

cludes aspects for modeling crosscutting concerns in the pro-
gram. Moreover, any implementation of Aspectl] is to ensure
that aspect and non-aspect code run together in a properly
coordination fashion. Such a process is called aspect weav-
ing and involves making sure that applicable advice runs
at the appropriate join points. A sample Aspectj program
taken from [1] is shown below. For more information about
AspectJ, one can refer to [1]. In the rest of the paper, for
unification, we use the word “a module” to stand for a piece
of advice, a piece of introduction, or a method declared in
an aspect, and a method declared in a class.

class Point {
int x, y;
public void setX(int x) {
this.x = x;

}

public void setY(int y) {
this.y = y;

}

}
class Line {
private Point p1, p2;
public void setP1(Point p1l) {

this.pl = pi;

}

public void setP2(Point p2) {
this.p2 = p2;

}

}
aspect PointBoundsPreCondition {
before(int x): call(void Point.setX(int)) && args(x) {
if ( x < MIN_X || x > MAX_X )
throw new RuntimeException();

3. DATA FLOW TESTING FOR ASPECTS
AND CLASSES

In this paper, we consider data-flow based unit testing of
aspects and classes in aspect-oriented software to verify that
the detailed design for aspects and classes has been correctly
implemented.

An AspectJ program is composed of some aspects, classes,
and interfaces. In this paper we only consider testing of
aspects and classes, leaving interfaces as our future work.
Aspects are modular units that implement crosscutting con-
cerns in aspect-oriented software and are different from classes
in object-oriented software. Classes in aspect-oriented soft-
ware are similar to those in object-oriented software, but
have some differences compared to those in aspect-oriented
software. This is because that a class’ behavior in an aspect-
oriented program may be affected by one or more aspect(s).
In order to identify the problems of testing aspects and
classes of aspect-oriented programs, we present a motivation
example to discuss the issues that arise in testing aspects
and classes of an aspect-oriented program.

3.1 Motivation Example

Consider an aspect, PointBondsPreCondition shown be-
low, that declares a piece of before-advice to modify the
behavior of class Point’s setX method. The before-advice
can be applied to each join point where a target object
of type Point receives a call to its method with signature



void Point.setX(int). The args keyword is used to assign
the argument of the method call.

In AspectJ this before-advice is applied by the compiler
without explicit reference to the aspect from either the Point
module or a client module. So existing unit testing of class
Point does not consider the PointMoveChecking aspect, and
therefore has no way to know that the behavior of the setX
method may be changed when class Point and aspect
PointBoundsPreCondition are compiled together. However,
when they are compiled together, then intuitively the be-
havior of Point’s setX method has to be changed due to
the before-advice. Thus, in order to perform unit testing on
class Point, we should take into account not only the Point
itself but also aspect PointBoundsPreCondition that affects
the behavior of Point through the before-advice.

In order to efficiently identify those classes whose behavior
may be affected by one or more aspects, we classify classes
in an aspect-oriented program into two categories: variable
classes whose behavior may be affected by one or more as-
pects and stable classes, otherwise. In this paper, we do not
consider a stable class, since we can perform data-flow test-
ing on it by using existing techniques in [5]. For a variable
class, since there exists no unit testing technique that can
be applied to it, it is our main focus in this paper. As an
example, consider the program shown previously, which is
composed of one aspect PointBoundsPreCondition and two
classes Point and Line. From the definition given above,
class Point is a variable class because the behaviors of the
method setX may be changed by the before-advice declared
in aspect PointBoundsPreCondition. On the other hand,
class Line is a stable class since no aspect in the program
affects its behavior.

3.2 DataFlow Testing

In this section, we first describe three-level testing for as-
pects and classes of aspect-oriented, and then show how to
construct the (framed) control flow graphs for an aspect or
class, and how to compute three kinds of def-use pairs for
the aspect or class being tested based on these graphs.

3.2.1 ThreeLevel Testing for Aspects and Classes

When we perform unit testing on aspects and classes, we also
consider three different levels of testing, i.e., intra-module,
inter-module, and intra-aspect/class testing. Our three-level
testing is similar to that of object-oriented software [5], but
applied to handle testing problems unique to aspect-oriented
software. There is an important issue that must be consid-
ered during unit testing of aspects or classes, that is, the
behavior of a method being tested in a class may be affected
(changed) by one or more pieces of advice in an aspect. To
cover this issue, we classify methods of a class into two cat-
egories: wvariable methods whose behavior may be affected
(changed) by one or more pieces of advice in an aspect, and
normal methods, otherwise. For normal methods, we need
not treat them specially. However, for a variable method,
since is behavior may be changed by some advice, we should
consider it together with its advised advice when performing
three-level testing on them.

Intra-Module Testing. Intra-module testing means per-
forming testing on an individual module such as a piece

of advice, a piece of introduction, or a method in an as-
pect or class. Therefore intra-module testing of an aspect
or class includes three forms of testing: intra-advice, intra-
introduction, and intra-method testing.

Inter-Module Testing. Inter-module testing means per-
forming testing on a public module along with some other
modules it calls, directly or indirectly, in an aspect or class.
Inter-module testing does not consider invocations from other
modules outside the aspect or class. More concretely, intra-
module testing aims at testing internal interactions among
modules within an aspect or class.

Intra-Aspect/Class Testing. Intra-aspect/class testing
means performing testing on the interactions of multiple
public modules in an aspect or class when they are called in
a random sequence from the outside of the aspect or class.
Unlike inter-module testing that only considers one public
module along with other modules it calls within an aspect
or class, intra-aspect testing considers multiple modules and
their interactions in an aspect or class, allowing multiple
calls to these modules from the outside of the aspect or
class.

3.2.2 Computing Def-Use Paris for Aspects and

Classes

Our data-flow unit testing for an aspect or class consid-
ers all aspect or class variables and def-use pairs that are
closed related to some specific program points in the aspect
or class. We identify three types of def-use pairs, i.e., intra-
module, inter-module, and intra-aspect/class def-use pairs,
in an aspect or class that should be tested to correspond to
the three-level testing of the aspect or class described above.
Similar to [5], we use the algorithm presented in [8] to com-
pute the intra-module and inter-module def-use pairs. For
intra-aspect/class def-use pairs we can borrow the idea from
[5] to use a similar representation called the framed control-
flow graph to represent an aspect or class that can be used
as a base to compute intra-aspect/class def-use pairs.

We construct the framed control-flow graph for an aspect
or class to compute intra-aspect/class def-use pairs of the
aspect or class. The graph can simulate a random calling
sequence between modules in an aspect or class, and there-
fore support for performing data-flow analysis on the aspect
or class. A framed control-flow graph (FCFQG) of an aspect or
class consists of a collection of CFGs each presents a module
in the aspect or class and some additional arcs used to con-
struct the frame. In an FCFG, there are some vertices used
to represent the frame such as frame entry vertex, frame
loop, frame call, frame return, and frame ezxit. The frame
call vertex is connected to the entry vertezr of each CFG for
modules. If there is a call in a module to call another mod-
ule in an aspect or class, we connect two modules’ CFGs at
call sites using call arcs.

The FCFG for an aspect or class can be constructed by the
following three steps: (1) First, we construct an aspect or
class call graph to represent the call relationships among
modules in an aspect or class. (2) Second, we construct a
frame to represent a test driver for the aspect or class and
enclose it into the aspect or class call graph to form a partial
FCFG. The frame allows one to simulate a random calling



sequence to some modules in an aspect or class, (3) Third,
we replace each vertex v of the aspect or class call graph in
the partial FCFG with the control-flow graph for v.

A control-flow graph (CFG) for a module M of an aspect or
class represents the static control flow relationships that ex-
ist within M of the aspect or class. The CFG of M contains
a vertex for each statement in M and arcs between vertices
that represent flow of control between statements. There
is also a unique vertex called entry verter to represent the
unique entry to M, and a unique vertex called ezit vertez to
represent exit from M.

A call graph for an aspect or class is a digraph such that
its vertices represent modules and its arcs represent calling
relations between modules in the aspect or class. We use
the call graph to represent the call structure of an aspect or
class which can be used to aid construction of the FCFG.

4. TOOL SUPPORT

To perform data-flow based unit testing on aspects and
classes for aspect-oriented software, we need both control
flow and data flow information for each aspect or class being
tested. We plan to implement a unit testing tool for AspectJ
to realize the approach presented in this paper. Our tool has
three components, the driver generator, the compiler, and
the test case generator.

The driver generator takes as input some related aspects and
classes and outputs a test driver. This test driver, when ex-
ecuted, reads test cases, check their syntax, executes them,
and checks the results. As the first step, currently we gen-
erate our test driver by hand.

The compiler takes as input an AspectJ program, and ana-
lyze the program to get control flow information such as the
predecessors and successors of each statement and caller-
callee information, and data flow information such as defi-
nition and use of each variable in each statement, which are
necessary for constructing control flow graphs and comput-
ing def-use pairs for each module, group of modules, and
aspect or class. Based on such information the compiler
first constructs the control flow graph for each module in
an aspect or class, and then constructs the call graph for
each aspect or class in the program. Finally, it constructs
the framed control flow graph for each aspect or class in the
program. It also computes def-use pairs for each module,
group of modules, and aspect or class in the program.

The test case generator takes as input def-use pairs infor-
mation outputted by the compiler component, and gener-
ates various test cases for each module, group of modules,
and aspect or class being tested, which are used by the test
driver.

We plan to modify the AspectJ compiler (ajc) for gathering
the control flow and data flow information of an Aspect]
program for our purpose.

5. CONCLUDING REMARKS

In this paper, we presented a data flow based unit testing
approach and its tool support for aspect-oriented software.
Our approach tests two types of units for an aspect-oriented

program, i.e., aspects that are modular units of crosscutting
implementation of the program, and those classes whose be-
haviors may be affected by one or more aspects. While our
three levels of testing is similar to that of object-oriented
software, our approach can handle testing problems unique
to aspect-oriented software. We used the control flow graph
as a basis for computing def-use pairs of aspects or classes
being tested in an aspect-oriented program and used such
information to perform data flow testing for the aspects and
classes.

Future work may include (1) to present more precise tech-
nique to compute various def-use pairs for an aspect or class
and use such information to refine our data-flow unit testing
approach for aspects and classes of aspect-oriented software,
and (2) to implement a data-flow based unit testing tool for
AspectJ to realize the approach presented in this paper.
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